Objective: To address whether a single treatment of one of three visible light wavelengths, 635, 532, and 405 nm (constant wave, energy density 2.9 J/m 2 ), could affect the hallmarks of established renal fibrosis and whether these wavelengths could facilitate mesenchymal stem cell (MSC) beneficence. Background Data: Chronic kidney disease is a global health problem with only 20% receiving care worldwide. Kidneys with compromised function have ongoing inflammation, including increased oxidative stress and apoptosis, peritubular capillary loss, tubular atrophy, and tubulointerstitial fibrosis. Promising studies have highlighted the significant potential of MSC-based strategies to mitigate fibrosis; however, reversal of established fibrosis has been problematic, suggesting that methods to potentiate MSC effects require further development. Laser treatments at visible wavelengths have been reported to enhance mitochondrial potential and available cellular ATP, facilitate proliferation, and inhibit apoptosis. We hypothesized that laser-delivered energy might provide wavelength-specific effects in the fibrotic kidney and enhance MSC responses. Materials and Methods: Renal fibrosis, established in C57BL6 mice following 21 days of unilateral ureter obstruction (UUO), was treated with one of three wavelengths alone or with autologous MSC. Mitochondrial activity, cell proliferation, apoptosis, and cytokines were measured 24 h later. Results: Wavelengths 405, 532, and 635 nm all significantly synergized with MSC to enhance mitochondrial activity and reduce apoptosis. Proliferative activity was observed in the renal cortices following combined treatment with the 532 nm laser and MSC; endothelial proliferation increased in response to the 635 nm laser alone and to the combined effects of MSC and the 405 nm wavelength. Reductions of transforming growth factor-b were observed with 532 nm alone and when combined with MSC. Conclusions: Specific wavelengths of laser energy appear to induce different responses in renal fibrotic tissue. These findings support further study in the development of a customized laser therapy program of combined wavelengths to optimize MSC effects in the treatment of renal fibrosis.
Background
C hronic kidney disease is considered a worldwide health crisis; only 20% of affected individuals are treated worldwide. 1, 2 The financial burden of ongoing treatment remains a significant obstacle to care. Strategies aimed at facilitating permanent endogenous recovery of kidney function may circumvent this obstacle. Kidneys with compromised function have developed structural changes in response to ongoing inflammation, including increased oxidative stress and apoptosis, peritubular capillary loss, tubular atrophy, and tubulointerstitial fibrosis. [3] [4] [5] Transforming growth factor-b (TGF-b) has been implicated as a key player in epithelialmesenchymal transition, a process that contributes pathologically to fibrosis and excessive deposition of extracellular matrix. [6] [7] [8] While mesenchymal stem cell (MSC) have shown to improve acute kidney injury, their effect in chronic fibrotic kidney disease has been less effective. 9 MSC have been reported to suppress some of the underlying inflammatory responses and oxidative stress associated with fibrosis, improve regulation of matrix deposition and remodeling, and inhibit the TGF-b pathway. [9] [10] [11] [12] [13] [14] Encouraging findings have shown reduced albuminuria, collagen IV deposition, and loss of peritubular capillaries, but MSC alone could not completely reverse or restore function, despite their abilities to facilitate endothelial and epithelial proliferation.
One possible explanation for the diminished responses to MSC in chronic kidney disease may be the limited amount of energy available to the cell during ongoing cell injury, a state that leads to a rapid depletion of cytoplasmic ATP. 17 With limited stores of energy, cells are unable to proliferate and instead adapt their metabolic activities to focus primarily on survival. 18 It is possible that repletion of cellular energy stores may enable cells to better respond to proliferative and regenerative signals delivered by MSC. Laser treatment at visible wavelengths has been reported to increase the cellular ATP content. [19] [20] [21] Enhanced availability of ATP has translated to increased cellular activities with reports of enhanced production of keratinocyte growth factor (KGF), 22 fibroblaster growth factor (FGF), 23 and hepatocyte growth factor (HGF) 24 by fibroblasts in vitro after treatment with 660, 632.8, and 532 nm, respectively. In clinical and veterinary treatments, laser-delivered energy of various visible wavelengths has been reported to treat acute muscle injury leading to the proregenerative findings of increased growth factors and enhanced angiogenesis. 25 These data suggest that deposition of energy, particularly to the ailing proximal tubular epithelial cells and peritubular endothelial cells that struggle to avoid apoptosis in the fibrotic kidney, may be able to arrest the progression to apoptosis and may provide enough available energy to initiate regenerative proliferative responses.
In the present study, we investigated the effect of a single treatment of one of three visible light wavelengths, 635, 532, and 405 nm (constant wave), alone or in combination with MSC for mitigation of ongoing renal fibrosis in a mouse unilateral ureteral obstruction model. To determine the effects of differential energy delivery, we investigated the frequency of mitochondrial activation, apoptosis, TGF-b tissue content, and cellular proliferation. To determine whether energy delivery would facilitate proregenerative responses to MSC, we investigated the possibility of synergistic effects between laser wavelength and MSC. The data showed laser treatments synergized with MSC to augment the beneficial effects of MSC; each wavelength contributed to either mitigation of activities associated with fibrosis or the proregenerative activities of mitochondrial activation and endothelial proliferation.
Materials and Methods

Animals
Male C57BL/6 mice, 12 weeks old, underwent right unilateral ureter obstruction (UUO) to induce renal parenchymal fibrosis. 26 Following ketamine/xylazine anesthesia, a 3 cm midline incision exposed the right kidney where the ureter was doubly ligated 3-4 mm below the renal pelvis. The abdomen was sutured closed and mice were allowed to recover for 3, 7, 14, or 21 days and then euthanitized. All animals received humane care as per University of Illinois guidelines; all procedures were approved by the Animal Care Committee at the University of Illinois, IACUC # 12-096 and 15-094.
MSC isolation and expansion
MSC were prepared as we have described previously. 27 MSC were isolated from tibiae and femurs of 4-week-old mice, after marrow cells were plated at a concentration of 2 · 10 7 cells per 9.6 cm 2 in a 75-cm 2 flask with 20 mL MSC media (40% alpha-modified Eagle's medium, 40% F-12 nutrient mixture, 10% heat-inactivated fetal calf serum, and 1% antibiotic-antimycotic solution). 27 Nonadherent cells were discarded at 72 h, and adherent cells underwent negative selection using Miltenyi immunomagnetic beads coated with biotinylated antibodies to CD11b and CD45 (eBioscience, San Diego, CA). The resultant culture adherent cells were replated at 1 · 10 6 cells per 175-cm 2 flask and culture expanded to the fourth passage with <1% contamination with CD45 + cells. MSC were administered intravenously using 100 lL Dulbecco's buffered saline (DBS).
Low-level light laser and MSC treatments
Twenty days after UUO (D20 UUO), mice were randomly assigned to eight treatment groups (n = 3 per group); vehicle control (DBS), autologous MSC alone, 635, 532, or 405 nm laser with or without MSC. Low-level light laser treatment was administered through research-grade 17.5 mW diode laser (Laser Power Source box: Zerona Medical Laser, Model #: ERC-INV 00003; Erchonia Corporation, McKinney, TX) emitting 635, 532, or 405 nm through constant wave (Table 1) . A 3-cm-radius area overlying the right kidney was irradiated with the desired wavelength for 300 sec anteriorly and posteriorly with the animal positioned 8 cm from the rotating laser source. MSC, 1 · 10 6 MSC, were administered intravenously immediately following the laser treatment. Animals underwent euthanasia 24 h following MSC administration.
Histology and immunofluorescence
Following euthanasia, the right kidneys were excised, divided, fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, paraffin embedded, and sections cut 3 lm thick. Parenchymal changes were examined by sections stained with hematoxylin and eosin (BBC Histo$Perfect H&E Staining System; BBC Biochemicals, Mount Vernon, WA). Masson's trichrome stain (NovaUltra Special Stain Kit; IHC World, Woodstock, MD) was used to identify and measure parenchymal fibrosis.
Mitochondrial activity. MitoTracker Red CMXRos, M7512 (1 mM solution, intravenously; Molecular Probes, Eugene, OR), was administered 30 min before euthanasia to be concentrated by active mitochondria and retained during cell fixation. 28 Following euthanasia, kidney tissues were immediately frozen in Tissue-Tek, and 4-lm-thick sections were mounted on glass slides, fixed in ice-cold methanol for 15 min at -20°C, and counterstained with DAPI solution (300 nM). The slides were imaged on the stage of an inverted microscope (Axiovert 100 M) using the 568 nm laser line for the red label and emission measured using a 585 nm filter. 29 Endothelial proliferation. Twenty-four hours before euthanasia, BrdU, (10 mg/mL, 300 lL intramuscularly; SigmaAldrich, St. Louis, MO) was administered. Tissue sections were stained with the primary mouse Biotin anti-BrdU antibody (BrdU In-Situ Detection Kit; BD Pharmingen, San Jose, CA) and positively stained cells were expressed as an average count per high-power field of 20 high-power fields surveyed (20·) per section. To differentiate between cortical or medullary regions, each slide underwent region delineation by hand with automated cell counts (Vectra Automated Quantitative Pathology Imaging System; CRi, Inc., TX) and analyzed by inForm analysis software. Proliferating endothelial cells were enumerated as the mean number of cells positively stained for both CD31 (Novus, Littleton, CO) and BrdU expressed as a percentage of the total positively stained CD31
+ cells per high-power field with 20 random high-power fields counted per section.
Apoptosis. TUNEL staining was performed for detection of apoptotic cells according to the manufacturer's instructions (DeadEnd Fluorometric TUNEL System; Promega Corporation, Madison, WI). Tissues samples from naive kidneys were used as negative control. TUNELpositive nuclei were counted in a total of 20 random highpower fields. Images were acquired using Vectra and analyzed with inForm Software.
Immunoassays for TGF-b and IL-10
Weighed, cryopreserved renal tissue homogenates were used for the determination of active murine TGF-b1and IL-10 using ELISA (R&D Systems, Minneapolis, MN). These experiments were conducted as per the manufacturer's instructions. Values were expressed as pg/mg protein.
Statistical analysis
Statistical analysis was performed using Minitab Statistics (State College, PA). Data are expressed as mean -SE. Significant difference among groups was determined by one-way analysis of variance or a two-tailed t-test where p £ 0.05 was considered statistically significant.
Results
Renal architecture of the day 20 UUO model
Serial culls performed immediately after UUO, and on days 3, 7, 14, and 20 days demonstrated progressive enlargement of renal pelvises and calices with progressive thinning of the remaining cortex. Appreciable collagen staining was first detected on day 7 with significant increases by day 20 (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertonline.com/pho). Renal tubules demonstrated progressive dilation and finally, obliteration and loss. Shrinkage of glomeruli, peritubular capillary endothelial loss, and expansion of Bowman's capsule were also observed at day 20. Initial influx of inflammatory mononuclear cells at day 7 diminished over time. These findings defined day 20 as a model of advanced renal parenchymal fibrosis. MSC synergize with low-level light laser to enhance mitochondrial activity Following laser treatment with or without MSC, we observed differentially increased mitochondrial activation, (Fig. 1A, B) . The 635 nm wavelength significantly increased mitochondrial activity when compared to D20 UUO controls, (2. 
Reduced frequency of apoptosis
Renal fibrosis is associated with ongoing apoptosis and cell loss. 30, 31 All three wavelengths and MSC alone significantly reduced the number of apoptotic cells observed when compared to the D20 UUO group control ( Fig. 2A, B) . Addition of autologous MSC to laser treatments did not enhance this effect, suggesting that no further gains in apoptosis reduction could be gained by combining treatments.
MSC synergize with the 532 nm wavelength to enhance proliferative activity in the renal cortex Cell proliferation detected within fibrotic kidneys can be attributed to the small subpopulation of proximal renal tubule epithelial cells, which function as progenitor cells, with hematopoietic and MSC constituting extremely small populations, even after severe organ injury. 15, [32] [33] [34] [35] After division, proximal tubular cells become quiescent for at least 7 days. 36 Since proximal tubules reside exclusively in the cortex, the frequency of proliferating cells was categorized as either cortical or medullary. Of the two regions, the cortical region appeared to undergo a greater proliferative activity than the medulla (Fig. 3) . None of the treatment 
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groups demonstrated enhanced proliferation in the medulla. In the cortex, there was a strong trend for 635 nm laserenhanced proliferative activity (12.69% -2.97% vs. 4.50% -1.59% BrdU + cells per high-power field), however, the variability observed between animals precluded statistical significance. Analyses of each laser wavelength with MSC revealed that the combination of 532 nm with MSC was significantly better than UUO alone (28.88% -4.97% vs. 4.50% -1.59%, p = 0.01), than MSC alone (28.88% -4.97% vs. 11.43% -1.75%, p = 0.04), and better than the 532 laser alone (28.88% -4.97% vs. 5.15% -1.23%, p = 0.01). The 405 and 635 nm wavelengths also synergized with MSC and reached statistical significance.
MSC synergize with the 405 nm wavelength to enhance endothelial proliferative activity Peritubular capillary loss is associated with tubular atrophy, tubular loss, and interstitial fibrosis. 37 Efforts to enhance endothelial proliferation through VEGF or other means have been shown to mitigate fibrosis. 38 To determine whether laser treatment enhanced the endothelial proliferative activity, the frequency of BrdU-positive cells also staining positive for the endothelial marker CD31 was compared to the total number of CD31-positive cells (Fig. 4) . In all treatment groups, the percentage of proliferating cells made up less than 1% of the CD31 + cells. Of the three laser wavelengths, only the 635 nm wavelength appeared to enhance the endothelial proliferative activity; no synergy was observed with MSC. Addition of MSC synergized with the 405 nm laser (0.45% -0.04% vs. 0.24% -0.03%, p = 0.001 vs. 405 nm alone), which slightly exceeded the 635 nm laser alone (0.43% -0.07%) and significantly exceeded the D20 UUO control (0.22% -0.02%, p = 0.005), and MSC-alone groups (0.26% -0.02%, p = 0.001).
The 532 nm wavelength alone or in combination with MSC reduces TGF-b
Since the TGF-b pathway plays a critical role in the perpetuation of renal fibrosis, we investigated whether laser treatment would reduce TGF-b production. Only the 532 nm laser significantly decreased the TGF-b content, (Fig. 5A) ; the other two laser wavelengths had no appreciable effect. Addition of MSC alone had no effect, however, when combined with the 532 nm laser, there was a significantly greater reduction when compared to MSC treatment alone (354.10 -33.11 vs. 1428.00 -131.10 pg/mg protein, p = 0.008)
Since TGF-b can be secreted by tissue macrophages 9 and MSC can convert proinflammatory M1 macrophages to IL-10 secreting M2 macrophages, 39 we examined whether laser treatment in combination with MSC could increase IL-10 production (Fig. 5B) . Interestingly, the 635 nm treatment alone demonstrated a strong trend for increased IL-10 when compared to D20 UUO (14,830.00 -633.30 vs. 18,700 -1457.00 pg/mg protein, p = 0.072). None of the other treatment groups showed IL-10 increases. 
healing from musculoskeletal injuries through reduction of inflammation and enhanced proangiogenic activity; LLLT is also being studied for its capacity to enhance neurologic regenerative strategies and for the reduction of inflammatory states. [40] [41] [42] Some of these benefits could potentially aid in the reversal of renal fibrosis, a condition in which restoration of normal epithelium, endothelium, and the reduction of ongoing inflammation could impact progression to endorgan failure. In our proof of concept study, we observed that each wavelength had slightly different effects on the features of renal fibrosis, which could be categorized as mitigating mechanisms of fibrosis (apoptosis, TGF-beta production) or enhancing mechanisms of regeneration (mitochondrial activation, proliferation).
Progressive apoptosis has been observed in chronic kidney disease. This finding has been linked to mitochondrial deregulation. 5, [43] [44] [45] The 635 nm wavelength was the only single-modality treatment group, which enhanced mitochondrial activity at 24 h following administration; addition of MSC to each wavelength led to synergistic effects above that of MSC alone, with the 532 nm and MSC combined treatment group demonstrating greatest gains. When examining reduction of apoptosis, all treatment groups significantly reduced apoptosis at 24 h. These results suggest that MSC synergize with laser to enhance the amount of ATP available to the cell and reduce apoptosis after a single dose of laser energy.
Our findings are in agreement with prior reports that have described enhanced cellular proliferation following exposure to low-level light laser. 46, 47 Proliferative effects were observed following a single treatment of 410, 635, or 805 nm, with a maximum mitotic rate between 4 and 8 J/ cm 2 . Our power density was lower, 2.9 J/cm 2 , however, we observed proliferative effects in vivo. We observed very low endothelial proliferative activity at this advanced stage of fibrosis. As reported by others, 48 we also observed enhanced endothelial proliferation following LLLT. Endothelial proliferation appeared to increase when MSC were combined with the 405 nm wavelength but not with MSC alone, suggesting that available energy enabled the MSC effect. In the renal cortex, all three wavelengths synergized with MSC to enhance increased BrdU uptake. The 532 nm laser appeared to have the greatest synergistic effect. The cortical region, which exclusively contains the proximal tubule progenitor cells, 44, 49 demonstrated the greatest BrdU uptake, suggesting this region as a potential area of investigation. While we cannot definitively conclude our effects specifically targeted proximal tubule progenitor cells without fate mapping studies, the results are encouraging and support more indepth examination.
Our results were in agreement with prior reports demonstrating the antifibrotic effect of the 532 nm wavelength. [50] [51] [52] With a substantive range of power densities, from <1 to 90 J/cm 2 for the 532 nm effect on scar (and presumably TGF-b), it is apparent that additional studies are required to optimize these effects in the setting of renal fibrosis. It is likely that more than one wavelength type at potentially more than one power density will be required to enhance epithelial and endothelial proliferation while reducing fibrotic activity and apoptosis. Additional studies will be required to determine whether these positive initial effects can be transformed into clinically relevant benefits.
